Introduction
============

Letter-speech sound (LSS) integration is a key step in learning to read for alphabetic languages. The development and reorganization of early readers' language circuits for supporting automatized LSS integration and how such integration is related to the development of fluent reading are crucial questions from both theoretical and practical point of view ([@B93]; [@B27]). Research has shown that in early readers, the print-speech convergence (as measured by coactivation in fMRI) in the left reading network (inferior frontal gyrus, inferior parietal cortex, and fusiform gyrus) is a significant predictor of reading achievement measured 2 years later ([@B79]). In another study using four contrasting languages to find common indices of successful literacy acquisition, highly similar neural organization for print-speech convergence was observed between the languages. Furthermore, such print-speech convergence was suggested as a common brain signature of reading proficiency ([@B89]). However, little is known about the interrelationships between brain mechanisms of speech perception, letter processing, LSS integration and the development of reading skills during childhood.

In order to understand the development of LSS integration, which is a form of audiovisual integration, auditory and visual processes also need to be taken into account. The maturation of auditory and visual cortices is reflected by changes in the auditory and visual evoked responses. In general, the auditory evoked responses have been shown to change greatly with the tendency of shortened latencies and decreased amplitudes from childhood to adulthood ([@B1]). For example, the auditory P1 and N1b (the supratemporal component of the N1) peaks show large age-related decreases in latency. In addition, auditory P1, P1-N1b, and N2 peak amplitudes change throughout childhood with accelerated change around the age of 10 years ([@B78]). For the visual components, there is a clear delay in the activation timing in children compared to adults, which progressively increases from occipital (related to low-level visual analysis) to occipitotemporal (related to letters/letter string analysis) and further to temporal areas (related to written word perception) ([@B74]).

It has been shown that audiovisual speech produces audiovisual interaction effects reflected as both suppression of the visual response to lipreading and reduced auditory responses to the speech sound compared with unimodal conditions ([@B6], [@B5]). One study used audiovisual speech and audiovisual non-linguistic stimuli to investigate the developmental pattern of audiovisual interactions in the age range of 5--19 years ([@B104]). The results showed that the strength of audiovisual speech integration significantly correlated with age, whereas the performance on non-speech tasks seemed to be similar across all ages. These findings suggest independent maturational processes for audiovisual speech and non-speech during childhood. Converging evidence from electrophysiological research revealed a systematic relationship between brain responses underlying audiovisual integration (of simple audiovisual sounds and objects) in the time range of the auditory N1 response (about 120 ms) and age between 7 and 16 years ([@B17]). Multisensory processes are thus still developing even in late childhood and this maturation is likely to be reflected in learning and automatization of LSS correspondences, as well as in the associations with reading skill development.

As children learn to read, their sensitivities to print are paralleled by changes in an occipitotemporal negativity N1 (or N170) to words as measured by event-related potentials ([@B18]; [@B65]; [@B36]). This visual N1 has been shown to develop with reading skills, showing an inverted U-shaped developmental trajectory with maximum N1 tuning (selectivity for print) during the second grade and further decrease of the N1 tuning in adults ([@B66], [@B67]). Neuroimaging studies have localized the visual print-sensitive N1 in a region within the left fusiform gyrus called "visual word form area" (VWFA) ([@B69]; [@B26]). In one recent study ([@B3]) 19 non-reading kindergarteners were trained in letter-speech sound associations with Graphogame ([@B63]) for 8 weeks. It was found that the N1 and the VWFA activation in these kindergarteners significantly improved the prediction of reading skills in second grade over behavioral data alone and together with the behavioral measures they explained up to 88% of the variance in reading ([@B3]). Therefore, visual N1 is considered as a sensitive index of visual letter string processing reflecting important processes for reading fluency ([@B36], [@B37]).

Audiovisual integration, which is defined as the interaction between auditory and visual modalities, and its developmental trajectory remain poorly understood. The additive model, which is based on the comparison of multisensory responses to the summed responses from the constituent unisensory conditions \[responses to audiovisual stimuli -- responses to (auditory stimuli + visual stimuli)\], has been frequently used in electrophysiological studies on multisensory integration ([@B20]; [@B97]; [@B96]). Another commonly used approach in audiovisual research is to study the congruency effect ([@B53]; [@B73]; [@B49]; [@B90]), which involves a contrast between congruent and incongruent audiovisual pairs. LSS in alphabetic languages consistently activates several language and cross-modal brain regions in adults. Regions particularly in the superior temporal cortices, have been shown in fMRI studies to have heteromodal properties ([@B106]). These brain regions have also been implicated in magnetoencephalography (MEG) findings showing LSS sites in the left and right superior temporal sulci (STS) ([@B86]). Feedback projections from this heteromodal region have also been shown in fMRI studies to modify the response in a modality-specific region of the primary auditory cortex ([@B105]). Top-down factors generated by different task demands and instructions also clearly impact multisensory integration ([@B2]). For example, use of explicit vs. implicit and passive vs. active experimental task has been shown to influence the brain responses related to LSS ([@B107]; [@B10]).

Accessing the phonological representations for written words and letter strings has been shown to also involve the parietal areas in many studies particularly the supramarginal gyrus (BA 40) and the angular gyrus (BA 39) ([@B80]; [@B83]; [@B92]). Activation in these two posterior regions was found to significantly correlate with cross-modal (auditory and visual) language task performance ([@B16]). Furthermore, neuroimaging studies have confirmed that activation in the angular gyrus and supramarginal gyrus were associated with phonological ([@B19]; [@B94]) and semantic processing ([@B7]) of written words, respectively. Parietal regions also show differences during phonological processing in children with reading difficulties ([@B108]). Taken together, there are several temporoparietal brain regions that are suggested to be involved in the process of integrating visual and auditory information for the purpose of reading.

In contrast to the natural relationship between auditory and visual information in audiovisual speech, the association between letters and speech sounds is mostly based upon agreed conventions. Although knowledge of letter-speech sound associations seems easy to acquire within 1 year of reading instruction ([@B47]), EEG studies using mismatch negativity (MMN) paradigm ([@B72]) have found that beginning readers showed protracted development of letter-speech sound associations beyond early school years ([@B40]) and such orthographic--phonological integration could serve as a neural signature of successful or failing reading development ([@B11]). Studies on dyslexia have revealed reduced audiovisual integration (indexed by cross modal MMN) which is associated with a more fundamental deficit in the auditory processing of speech sounds leading to reading failure ([@B9]; [@B114]). Therefore, audiovisual integration is considered as an important marker associated with reading fluency and has been shown to facilitate visual specialization (indexed by print sensitive N1 in the VWFA) in learning to read ([@B35], [@B37]).

Although LSS integration has been shown to be important for reading development ([@B9], [@B8]; [@B12]; [@B11]), reading is also dependent on other cognitive skills. Several behavioral measures such as phonological awareness, verbal short-term memory and rapid automatized naming (RAN) have been shown to be closely associated with reading skills and provide a good estimation of risk for dyslexia ([@B77]; [@B85]; [@B71]). These cognitive measures have been shown to be important mediators of the prediction of reading outcome from brain responses as measured by ERPs ([@B60]).

In the present study, we measured auditory responses to speech and visual responses to letters as well as audiovisual integration related responses of letter-speech sound combinations with MEG with the purpose of linking these brain responses to reading development. Previous studies ([@B39], [@B40]; [@B11]) have often used an audiovisual oddball design and shown a long developmental trajectory for LSS integration. We used an experimental design with equal numbers of unimodal and bimodal stimuli as well as equal numbers of congruent and incongruent audiovisual stimuli. This allows a more direct examination of the LSS integration as well as separating the unimodal effects from the audiovisual effects. We used regression-based methods (controlling for age) to explore the relationship between the neural-level responses to speech sounds, visual letters, audiovisual combinations and behavioral cognitive skills. We expected to see associations between responses to the speech sounds and phonological and reading skills (e.g., [@B60]), between the visual N1 and reading skills (e.g., [@B18]; [@B65]; [@B36]), and importantly between the brain measures of LSS integration and reading skills ([@B9]; [@B13]; [@B11]; [@B79]; [@B37]).

Materials and Methods {#s1}
=====================

Participants
------------

All participants were Finnish speaking school children (6--11 years) recruited through the National Registry of Finland. None of the participants had neurological disorders or problems caused by permanent head injuries, ADHD, delay in language development or language-specific disorders or medication affecting the central nervous system. In total, 32 Finnish children participated in the experiments. Of those three were excluded for the following reasons: two subjects due to excessive head movements and one subject due to low head position in the MEG helmet. The data included in the present study consisted of 29 children (mean age 8.17 years, SD: 1.05 years; 19 girls, 10 boys; 1 left-handed). All participants included had normal hearing as tested with an audiometry and normal or corrected-to-normal vision. This study was carried out in accordance with the recommendations of the Ethics Committee of the University of Jyväskylä. The protocol was approved by the Ethics Committee of the University of Jyväskylä. All children and their parents were informed about the project and they gave written consent in accordance with the Declaration of Helsinki to participate in the study. All subjects received gifts (movie tickets or shopping vouchers) as compensation for participation.

Stimuli and Task
----------------

The stimuli consisted of eight Finnish capital letters (A, E, I, O, U, Y, Ä, and Ö) written with Calibri font in black color and their corresponding speech sounds (\[a\], \[e\], \[i\], \[o\], \[u\], \[y\], \[æ\], and \[ø\]). Four categories of stimuli, auditory only (A), visual only (V), audiovisual congruent (AVC), and audiovisual incongruent (AVI) were presented in random order with 112 trials for each type of stimuli. The experiment was ca. 20 min in total with two short breaks. The duration of the auditory stimuli was 300 ms. The duration of the visual stimuli was 400 ms. For the audiovisual trials, the auditory and visual stimuli started at the same time. Each trial lasted 1500 ms and started with a fixation cross at the center of the screen for 500 ms, then followed by the presentation of auditory, visual or audiovisual stimuli (**Figure [1](#F1){ref-type="fig"}**). The visual stimuli were projected on the center of the screen in a gray background. The size of the visual stimuli was 0.6 cm × 0.6 cm for the fixation cross and 2 cm × 2 cm for the letters on a screen 1 m away from the participants. The sounds were delivered through insert earphones using MEG compatible lo-fi sound system at a comfortable loudness level. The stimuli were presented with Presentation (Neurobehavioral Systems, Inc., Albany, CA, United States) software running on a Windows computer. The experiment was conducted in a child-friendly environment in which we told a story of a cartoon character's adventure in a forest. In order to keep their attention equally on both auditory and visual stimuli, the participants were instructed to press a button using their right hand when they saw an animal drawing or heard an animal sound. In total eight animal drawings and their corresponding sounds were used as target stimuli and they occurred with 10% probability. Feedback (hit or miss) was given immediately after button press.

![Audiovisual letter-speech sound task. **(A)** Stimuli consisted of auditory only (A), visual only (V), audiovisual congruent (AVC), and audiovisual incongruent (AVI) conditions using eight Finnish letters and their corresponding phonemes. Eight animal drawings and/or animal sounds occurred with 10% probability to keep participants' attention equally on both auditory and visual stimuli. They were instructed to press a button using their right hand when they saw and/or heard an animal. **(B)** The four types of stimuli (A, V, AVC, and AVI) were presented randomly. Each trial started with 500 ms fixation, followed by auditory (300 ms) and/or visual stimuli (400 ms). The total length of each trial was 1500 ms.](fnhum-12-00304-g001){#F1}

MEG and MRI
-----------

306-channel MEG data were recorded in a magnetically shielded room using Elekta Neuromag^®^ TRIUX^TM^ system (Elekta AB, Stockholm, Sweden) with 1000 Hz sampling rate and 0.1--330 Hz band-pass filter. The head position in relation to the sensors in the helmet was monitored continuously with five digitized head position indicator (HPI) coils attached to the scalp. Three HPI coils were placed on the forehead and one behind each ear. The position of HPI coils was determined in relation to three anatomic landmarks (nasion, left and right preauricular points) using the Polhemus Isotrak digital tracker system (Polhemus, Colchester, VT, United States) at the beginning of the recording. To allow the co-registration with individual magnetic resonance images (MRIs), an additional set of scalp points (\>100) randomly distributed over the skull were also digitized. Electrooculogram (EOG) was recorded with two electrodes attached diagonally slightly below the left and slightly above the right eye and one ground electrode attached to the collarbone. The MEG was recorded in 68° upright gantry position.

Individual structural MR images were acquired from a private company offering MRI services (Synlab Jyväskylä). T1-weighted 3D-SE images were collected on a GE 1.5 T (GoldSeal Signa HDxt) MRI scanner using a standard head coil and with the following parameters: TR/TE = 540/10 ms, flip angle = 90°, matrix size = 256 × 256, slice thickness = 1.2 mm, sagittal orientation.

Behavioral Assessment
---------------------

Cognitive skills were tested on a separate visit. The behavioral tests included the following: Wechsler Intelligence Scales for Children Third edition ([@B110]) and Wechsler Preschool and Primary Scales of Intelligence ([@B111]) for children above 6 years and for 6-year-olds, respectively. Block design (visuospatial reasoning), vocabulary (expressive vocabulary), and digit span (forward and backward; working memory) subtests were administered. In the block design test, the children are shown how to arrange blocks with red and white color to form a design and they have to build the same design. In more difficult sections the children are only shown the design in a figure and they have to build it. In the vocabulary test, the children hear a word and they have to describe the meaning of that word. In the digit span test, series of numbers are said to the participant and they have to repeat them either in forward or backward order. These tests were used to assess the children general cognitive skills and used as control variables for the possible associations between phonology and reading measures and the MEG indices.

Phonological awareness was tested using the Phonological processing task from NEPSY II ([@B56]). In this task, the child is first asked to repeat a word and then to create a new word by leaving out a syllable or a phoneme, or by replacing one phoneme in the word with another phoneme.

Rapid automatized naming ([@B30]), in which pictures of five common objects or five letters had to be named as quickly and as accurately as possible. The objects and letters were arranged in five rows each containing 15 objects. The task was audio-recorded and the time in seconds was calculated from the recording to be used in the analyses.

Three reading tests were included: word list reading using standardized test of word list reading ([@B48]), number of correctly read words in 45 s was used as the score; non-word list reading based on Tests of Word Reading Efficiency ([@B103]), number of correctly read non-words in 45 s was used as the score; pseudoword text reading ([@B33]), number of correctly read words and total reading time were used as the scores. Writing to dictation was also assessed in which the child heard 20 words and had to write them on a sheet of paper. Number of correctly written words was used as the score.

Data Analysis
-------------

Data were first processed with Maxfilter 3.0^TM^ (Elekta AB) to remove external interference and correct for head movements. Bad channels were identified manually and were excluded and later reconstructed in Maxfilter. The temporal extension of the signal-space separation method (tSSS) was used in buffers of 30 s ([@B101]; [@B100]; [@B102]). Head position was estimated in 200 ms time windows and a 10 ms step for movement compensation. The MEG data were transformed to the mean head position across the recording session.

Data were then analyzed using MNE Python (0.15) ([@B41]). First, continuous MEG recordings were low-pass filtered at 40 Hz and epoched into -200 to 1000 ms trials relative to the stimulus onset. Data were then manually checked to remove any head movement-related artifacts and electronic jump artifacts. Then independent component analysis (ICA) using fastICA algorithm ([@B51]) was applied to remove eye blinks, horizontal eye movements and cardiac artifacts. MEG epochs exceeding 1 pT/cm for gradiometer or 3 pT for magnetometer peak-to-peak amplitudes were excluded from further analysis. Event-related fields were obtained by averaging trials in the four conditions separately. Sum of the auditory and visual response (A + V) was calculated by first equalizing the number of epochs between the unimodal conditions and then adding up the event-related fields of the auditory and visual only conditions. To match the noise level of A + V and AVC conditions and therefore to make these two conditions comparable, a subset of AVC trials was created by randomly selecting half the number of trials from the AVC condition which equates to the noise level in A + V condition.

Individual MRI were processed in Freesurfer (RRID: [SCR_001847](SCR_001847), Martinos Center for Biomedical Imaging, Charlestown, MA, United States) to obtain the cortical surface for source modeling. Three participants' MRIs were replaced by age and gender matched MRIs of other children (MRIs were not available for two children and the third one had a bad quality cortical surface reconstruction). Freesurfer reconstructed cortical surface was decimated to about 4098 evenly distributed vertices per hemisphere with 4.9 mm spacing. Cortically-constrained and depth-weighted (*p* = 0.8) L2 minimum-norm estimate (wMNE) ([@B46]; [@B59]) was calculated using one layer boundary element model (BEM) from the inner skull surface for all current dipoles with a loose orientation of 0.2. The noise covariance matrix was estimated from the raw 200 ms pre-stimulus baseline data over all conditions. For each current dipole, the estimated source amplitudes were calculated by taking the norm of the vectors. Source amplitudes were averaged within each label for the 68 brain regions defined by the Desikan-Killiany Atlas ([@B31]). In order to capture the full extent of the sensory event-related field, the auditory source region was defined by a combination of superior temporal and transverse temporal brain areas and the visual source region was defined by a combination of lateral occipital, cuneus, pericalcarine and lingual brain areas. In addition, the fusiform area was defined as a region of interest for the N170 component based on previous studies ([@B24]; [@B26]).

In total, five auditory and visual event-related fields, the auditory N1m, N2m and late component, and the visual P1m and N170m were investigated in the present study. Peak latencies of these sensory responses were identified at sensor level (magnetometer) from the grand average of auditory and visual only conditions. The peak latencies were 109 ms (left) and 105 ms (right) for the auditory N1m, 241 ms (left) and 247 ms (right) for the auditory N2m and 448 ms (left) and 463 ms (right) for the auditory late component. The peak latencies were 104 ms (left) and 97 ms (right) for the visual P1m and 204 ms (left) and 192 ms (right) for the visual N170m. For all the four conditions (A, V, AVC, and AVI), the source level brain activities in the auditory or visual source regions were extracted by taking the average source activities of 50 ms time window centered around the peak latencies which were identified in the previous step. For auditory late component, a longer time window of 100 ms was used due to the extended time course of the response. In addition, individual peak latencies for each participant were also detected within the time window of each component in the source space.

Statistical Analysis
--------------------

First, partial correlations (controlling for age in months) were calculated between the cognitive skill measures (see above) and the mean amplitudes and peak latencies of brain sensory responses in the four conditions using SPSS Statistics 24 software package (IBM Corp., Armonk, NY, United States). For the integration (A + V--AVC) and congruency (AVC--AVI) comparison, individual source waveforms in 68 brain regions extracted according to Desikan-Killiany atlas was used in nonparametric permutation ([@B64]) *t*-tests with temporal clustering implemented in Mass Univariate ERP Toolbox ([@B42]). The time window was selected from 0 to 1000 ms after stimulus onset and the number of permutations was 2000. The cluster alpha was 0.05 for both integration and congruency comparison. The family-wise *p* values were corrected for multiple comparisons. For regions that showed significant (*p* \< 0.05) integration or congruency effects, partial correlations (controlling for age in months) were calculated between cognitive skills and brain responses in each of these regions averaged in the time window of the significant clusters. In addition to the source amplitude values, a laterality index \[(left-right)/(left+right)\] was calculated for the activity from the fusiform gyrus to examine differences in the development of the hemispheric specialization to print as shown for example by ([@B68], [@B65]).

In addition, linear regression analyses were performed with cognitive skills as the dependent variable in SPSS Statistics 24. Children's age was entered first into the model followed by the brain responses as independent variables in order to determine if the different brain responses explain independent or overlapping portions of variance in the cognitive skills. Dependent and independent variables were selected based on significant partial correlations.

Results
=======

Cognitive Skills and Behavioral Performance
-------------------------------------------

Descriptive statistics of the participants' cognitive skill measures and their behavioral performance in the cover task during MEG experiment are presented in **Table [1](#T1){ref-type="table"}**.

###### 

Descriptive statistics of the participants' cognitive skill measures and behavioral performance in the cover task during MEG experiment (*N* = 29).

                                                   Mean     *SD*    Range
  ------------------------------------------------ -------- ------- -----------
  Age (years)                                      8.17     1.05    6--11
  Block design, raw score                          25.53    9.50    10--52
  Vocabulary, raw score                            28.17    8.71    12--50
  Digit span, raw score                            11.67    1.88    8--16
  NEPSY phonological processing, raw score         42.53    5.74    30--52
  Rapid automatic naming(letters), time (s)        40.01    11.20   26--69
  Rapid automatic naming(objects), time (s)        60.61    12.63   38--90
  Word list reading, number of correct items       58.46    26.32   10--104
  Non-word list reading, number of correct items   31.39    14.23   7--67
  Non-word text reading, time (s)                  118.32   74.74   36--390
  Non-word text reading, number of correct words   29.96    5.33    16--37
  Writing to dictation, number of correct words    34.07    8.14    10--40
  MEG cover task, accuracy, %                      96.91    3.85    81--100
  MEG cover task, reaction time, ms                642      127     475--1064
                                                                    

Grand Averages
--------------

Grand averages of combined gradiometer channels in auditory only, visual only, audiovisual congruent and audiovisual incongruent conditions are shown in **Figure [2](#F2){ref-type="fig"}**. The waveforms were averaged over left and right temporal and occipital gradiometer channels (within the four circles shown in the sensor layout map).

![Sensor level grand average of the auditory only, visual only, audiovisual congruent and audiovisual incongruent conditions over left and right temporal and occipital channels. The waveforms are averaged over combined gradiometer channels calculated by vector sum of the two orthogonal gradiometer pairs.](fnhum-12-00304-g002){#F2}

The auditory and visual responses were identified in the magnetometer channels based on their topographies and timings. For the visualization purpose, the topography plot of auditory N1m, N2m and late component, and visual P1m and N170m are shown at the local maximum of the global field power (GFP) in **Figure [3](#F3){ref-type="fig"}**.

![Butterfly plot of the magnetometer channels in the auditory only (upper panel) and the visual only (lower panel) conditions. The individual waveforms are colored by its position in the sensor array as shown on the upper left in each panel. The topography plot shows the auditory N1m, N2m and late component (LC) in the auditory only condition and the visual P1m and N170m in the visual only condition at the local maximum of the global field power (GFP).](fnhum-12-00304-g003){#F3}

Correlations Between Cognitive Skills and Sensory Brain Responses
-----------------------------------------------------------------

No significant correlations were found between the scores in the cognitive skill measures for visuo-spatial reasoning (block design), general verbal skills (vocabulary), or verbal working memory (digit span) and the sensory brain responses. No significant correlations were found between age and the sensory brain responses.

Consistent correlations were found between the phonological processing accuracy, rapid naming speed of letters and auditory N1m, N2m, and LC responses (see **Tables [2](#T2){ref-type="table"}--[4](#T4){ref-type="table"}**). No consistent correlation patterns were observed between peak latencies and cognitive skills (see Supplementary Material). In addition, the left auditory cortex activity at the late time window in response to the audiovisual stimuli showed rather systematic associations with phonology, rapid naming of letters and objects as well as non-word list reading accuracy. N170m amplitude in the left fusiform gyrus in the audiovisual conditions (both AVI and AVC) were significantly correlated with phonological processing. A similar correlation pattern was observed for the auditory only, audiovisual congruent and incongruent conditions in relation to cognitive skills thus indicating a high overlap between these brain measures. In general, we found that the larger the brain response the better the performance in the behavioral tasks for all of the correlations.

###### 

Partial correlations (controlling for age) between cognitive skills and the auditory responses in the auditory only condition.

  Auditory   Phonological processing   RAN letters      RAN objects   Word list reading   Non-word list reading   Non-word text time   Non-word text accuracy   Writing to dictation
  ---------- ------------------------- ---------------- ------------- ------------------- ----------------------- -------------------- ------------------------ ----------------------
  L, N1m     0.363                     -0.219           -0.173        -0.017              0.078                   -0.037               0.143                    0.141
  R, N1m     **0.384^∗^**              -0.312           -0.368        0.304               0.375                   -0.226               0.305                    0.286
  L, N2m     **0.454^∗^**              -0.349           -0.189        0.203               0.323                   -0.216               0.312                    0.142
  R, N2m     0.286                     -0.228           -0.265        0.279               0.316                   -0.204               0.301                    0.273
  L, LC      **0.499^∗∗^**             \-**0.399^∗^**   -0.358        0.215               0.308                   -0.181               0.241                    0.234
  R, LC      **0.472^∗^**              -0.338           -0.280        0.187               0.258                   -0.164               0.284                    0.313
                                                                                                                                                                

Note:

∗

p

\< 0.05,

∗∗

p

\< 0.01. The auditory components are left (L) and right (R) auditory N1m, N2m and late component (LC).

###### 

Partial correlations (controlling for age) between cognitive skills and the visual responses in the visual only condition.

  Auditory      Phonological processing   RAN letters   RAN objects   Word list reading   Non-word list reading   Non-word text time   Non-word text accuracy   Writing to dictation
  ------------- ------------------------- ------------- ------------- ------------------- ----------------------- -------------------- ------------------------ ----------------------
  L, VC, P1     0.343                     -0.171        -0.005        -0.241              -0.206                  0.255                -0.053                   -0.015
  R, VC, P1     0.372                     -0.212        -0.116        -0.136              -0.081                  0.195                0.093                    0.075
  L, FG, N170   0.282                     -0.131        0.036         -0.078              0.011                   0.023                0.113                    0.027
  R, FG, N170   0.218                     -0.152        -0.150        -0.080              -0.029                  0.079                0.094                    0.074
  V, LI         0.074                     0.062         0.211         -0.017              0.004                   -0.125               -0.103                   -0.058
                                                                                                                                                                

Note: VC, visual cortices; FG, fusiform gyrus; LI, laterality index. The visual responses are left (L) and right (R) visual P1m in the visual cortices and N170m in the fusiform gyrus.

###### 

Partial correlations (controlling for age) between cognitive skills and the auditory and visual responses in the audiovisual conditions \[the first row in each cell is audiovisual congruent (AVC) and the second row audiovisual incongruent (AVI)\].

  Auditory      Phonological processing   RAN letters     RAN objects     Word list reading   Non-word list reading   Non-word text time   Non-word text accuracy   Writing to dictation
  ------------- ------------------------- --------------- --------------- ------------------- ----------------------- -------------------- ------------------------ ----------------------
  L, AC, N1     0.272                     -0.162          -0.124          -0.074              -0.047                  0.091                0.098                    0.154
                **0.422^∗^**              -0.250          -0.215          -0.025              0.027                   -0.014               0.106                    0.182
  R, AC, N1     0.351                     -0.266          -0.315          0.299               **0.390^∗^**            -0.213               0.320                    0.257
                0.337                     -0.253          -0.352          0.267               0.337                   -0.180               0.314                    0.253
  L, AC, N2     **0.420^∗^**              -0.311          -0.265          0.245               0.378                   -0.277               0.229                    0.119
                0.338                     -0.290          -0.250          0.284               0.346                   -0.280               0.235                    0.054
  R, AC, N2     0.278                     -0.247          -0.266          0.290               0.329                   -0.230               0.262                    0.252
                0.235                     -0.203          -0.241          0.216               0.305                   -0.198               0.272                    0.259
  L, AC, LC     **0.506^∗∗^**             **-0.412^∗^**   **-0.405^∗^**   0.311               **0.395^∗^**            -0.288               0.252                    0.272
                **0.441^∗^**              **-0.381^∗^**   **-0.394^∗^**   0.218               0.293                   -0.251               0.153                    0.227
  R, AC, LC     **0.448^∗^**              -0.312          -0.235          0.107               0.126                   -0.122               0.193                    0.267
                **0.456^∗^**              -0.309          -0.241          0.151               0.201                   -0.158               0.255                    0.293
  L, VC, P1     0.292                     -0.135          0.010           -0.198              -0.149                  0.188                -0.062                   0.004
                0.243                     -0.087          0.067           -0.308              -0.236                  0.281                -0.084                   -0.110
  R, VC, P1     0.315                     -0.197          -0.145          0.015               0.066                   0.001                0.057                    0.127
                0.297                     -0.210          -0.145          -0.024              0.015                   0.031                0.091                    0.112
  L, FG, N170   **0.404^∗^**              -0.261          -0.090          0.014               0.124                   -0.011               0.202                    0.088
                **0.427^∗^**              -0.280          -0.113          0.064               0.203                   -0.025               0.255                    0.122
  R, FG, N170   0.213                     -0.133          -0.173          0.020               0.072                   -0.046               0.121                    0.191
                0.221                     -0.165          -0.235          0.032               0.080                   -0.036               0.113                    0.170
  AV, LI        0.208                     -0.079          0.169           -0.050              -0.052                  0.045                -0.065                   -0.160
                0.220                     -0.093          0.239           -0.058              -0.034                  0.043                0.010                    -0.076
                                                                                                                                                                    

Note: AC, auditory cortices; VC, visual cortices; FG, fusiform gyrus; LI, laterality index.

∗

p

\< 0.05,

∗∗

p

\< 0.01. The auditory components are left (L) and right (R) auditory N1m, N2m and late components. The visual components are left (L) and right (R) visual P1m in the visual cortices and N170m in the fusiform gyrus.

([@B57]), there is still substantial variation in the response amplitude at school-age that is systematically linked with cognitive skills related to language processing.

In the next step, linear regressions were used to predict the phonological and rapid naming (the dependent variable) using age and the brain responses that showed significant partial correlations as predictors (independent variables). Age was entered first into the model followed first by the significant auditory variables and visual variables using stepwise method and finally by the significant audiovisual variables also using the stepwise method. This model was used to disentangle possible overlapping variance explained by auditory/visual and audiovisual brain responses. In the multiple regression model, as shown in **Table [5](#T5){ref-type="table"}** the auditory late component from the left hemisphere was the only significant predictor of the phonological skills and RAN letters.

###### 

Linear regression analysis using phonological and rapid naming as the dependent variable, age was entered first in the model, then the brain responses that showed significant partial correlations as predictors (independent variables).

  Cognitive skills          Step                    Standardized beta   Δ R2
  ------------------------- ----------------------- ------------------- ---------------
  Phonological processing   1\. age                 0.256               0.091
                            2\. Left auditory LC    **0.487^∗∗^**       **0.235^∗∗^**
                            3\. AVC/AVI responses   ns                  ns
  RAN letters               1\. age                 -0.059              0.009
                            2\. Left auditory LC    \-**0.405^∗^**      **0.163^∗^**
                            3\. AVC/AVI responses   ns                  ns
                                                                        

Note: Beta = standardized Beta coefficient; R2 change = unique variance accounted for at each step of the 2-step (enter method for age; stepwise for brain measures) multiple regression analyses.

∗

p

\< 0.05,

∗∗

p

\< 0.01.

The scatterplots (**Figure [4](#F4){ref-type="fig"}**) show that, in general, the larger the source activity in the auditory cortex the more likely it is that the child has better phonological processing skills and faster rapid naming abilities.

![Scatter plots show the partial correlation (controlling for age) between phonological processing skills, RAN letters and the left auditory late component amplitude.](fnhum-12-00304-g004){#F4}

Integration and Congruency Effects
----------------------------------

### Integration Effect (A + V vs. AVC)

Cluster-based permutation tests showed that audiovisual integration effect was found in multiple brain regions in the parietal and temporal areas after ca. 250 ms (*p* \< 0.05) as shown in **Figure [5](#F5){ref-type="fig"}**. In total eight significant clusters were found in eight brain regions of the Desikan-Killiany atlas. These clusters were in the left (317--499 ms) and right (315--818 ms) inferior parietal, left (391--585 ms) and right (306--797 ms) supramarginal, right (271--529 ms) precuneus, right (551--755 ms) postcentral and right superior (535--827 ms), and middle (346--749 ms) temporal cortices.

![Left panels show the brain regions (as defined in the Desikan-Killiany atlas) that showed significant suppressive integration (A+V--AVC) effects. Right panels show the average source waveform (MNE estimate) extracted from the brain regions with significant clusters. The red and blue shading represent the standard error of the mean and the gray shadings show the time window of the significant cluster.](fnhum-12-00304-g005){#F5}

### Congruency Effect (AVC vs. AVI)

Cluster-based permutation test did not reveal significant effects (*p* \> 0.05) in congruency comparison.

Correlations Between Cognitive Skills and the Brain Activity Related to Multimodal Integration
----------------------------------------------------------------------------------------------

The difference between the AVC and A + V conditions was calculated and the average source amplitudes from the different brain regions in the time window identified by the permutation test were used for the correlation analyses with cognitive skills (**Table [6](#T6){ref-type="table"}**). Representative partial correlations between suppressive integration and behavioral tests are shown in **Figure [6](#F6){ref-type="fig"}**.

###### 

Partial correlations (controlling for age) between cognitive skills and averages of the brain responses in the regions and time windows where significant audiovisual integration effects were revealed by the cluster-based permutation analyses.

  A+V--AVC              Phonological processing   RAN letters     RAN objects   Word list reading   Non-word list reading   Non-word text time   Non-word text accuracy   Writing to dictation
  --------------------- ------------------------- --------------- ------------- ------------------- ----------------------- -------------------- ------------------------ ----------------------
  Supramarginal_lh      0.365                     **-0.421^∗^**   -0.167        0.163               0.233                   -0.130               0.297                    0.006
  Supramarginal_rh      0.324                     -0.262          -0.067        0.099               0.096                   0.079                0.300                    0.293
  Inferiorparietal_lh   -0.055                    -0.056          0.097         -0.125              -0.036                  -0.109               -0.166                   -0.136
  Inferiorparietal_rh   **0.401^∗^**              -0.353          -0.263        0.192               0.269                   -0.126               0.266                    0.328
  Superiortemporal_rh   0.229                     -0.196          -0.259        0.277               0.304                   -0.135               0.211                    **0.504^∗∗^**
  Middletemporal_rh     0.304                     -0.215          -0.258        0.306               0.371                   -0.230               0.210                    **0.408^∗^**
  Postcentral_rh        0.215                     -0.131          0.104         -0.007              0.133                   0.031                0.262                    0.263
  Precuneus_rh          **0.457^∗^**              **-0.455^∗^**   -0.317        **0.435^∗^**        **0.405^∗^**            -0.186               **0.519^∗∗^**            0.376
                                                                                                                                                                          

Note:

∗

p

\< 0.05,

∗∗

p

\< 0.01.

![Scatter plots show the most pronounced four partial correlations (controlling for age) between the suppressive effect in the MEG responses for letter-speech sound integration and performance in the cognitive skill tests.](fnhum-12-00304-g006){#F6}

Discussion
==========

In this study, auditory and visual responses, as well as audiovisual integration of letters and speech sounds were correlated with children's behavioral cognitive skills. Results from the current study revealed that auditory processing, especially the auditory processing in the late time window was the driving force for the correlation between sensory evoked fields and phonological skills. The visual N170 in the left fusiform gyrus in the audiovisual condition was also correlated with phonological skills. In addition, audiovisual suppressive integration was localized mainly in the temporoparietal brain regions and showed an independent contribution from the sensory evoked fields to the reading skills.

It has been shown that the sequence of activation in response to speech sounds is strikingly different in children compared with adults ([@B112]; [@B75]). Children showed prolonged responses to sound with a major peak at 250 ms in both left and right hemispheres ([@B75]) while a corresponding effect occurred about 100 ms specifically in the left hemisphere in adults ([@B76]). This matches with the current findings that showed a major negative going peak around 250 ms after speech sound onset. The response at 250 ms is usually followed by a second activity peak around 400 ms ([@B22], [@B21], [@B23]).

The auditory late component seems to be sensitive to the speech sounds as can be seen from the study in children in which a strong late activation around 400 ms was observed in speech sounds compared to other types of sounds ([@B75]). The activity during the late component time window has been suggested in other studies to be related to late stages of phonological processing ([@B98]; [@B4]) or to orthographic-phonological mapping ([@B109]). However, in our study the late processing (around 413 ms) seemed to be linked to the auditory stimuli. This fits with previous studies suggesting that this time window could reflect the effect of speech sound representations ([@B99]; [@B22], [@B21]; [@B58]) and it is sensitive to phonological priming ([@B15]). The response has also been suggested to be important for receptive language processing ([@B23]) which also matched with the correlation pattern of the current study. Overall this could imply that the later stages of integrative speech sound processing are important also for learning to read and for phonological skills. Although the activity around 400 ms seems to mature early in development In the current study, we found correlations between N1, N2, late component and phonological processing for both auditory and AV conditions. Although the regression analysis showed that only the left auditory late component explains unique variance among the brain measures implicating that the early responses do not have independent variance from the late activity that is related to phonological processing. From the time window around 100 ms correlations have been found between brain responses and preschool cognitive skills also in other studies. For example, auditory P1 response has been shown in typically developed children to be associated with phonological and pre-reading skills ([@B58]). In addition, for children at risk for dyslexia, their P1 response amplitudes elicited by speech sound stimuli were smaller compared to controls ([@B62]). Similarly, in a study ([@B45]) investigating the event-related potentials to tones in children with multiple risk factors for dyslexia, the amplitudes at the P1--N2 time window was correlated with letter knowledge and phonological skills. The N1 and N2 time window has also been shown to be sensitive to reading level differences in response to phonological priming ([@B14]) and nonspeech stimuli ([@B34]).

The N2 response has been linked to reading and reading-related skills in previous studies. For example, the N2m has been found to correlate with reading skills in children ([@B75]) and the N2 response has been reported to have larger amplitudes in response to speech and non-speech sounds in dyslexic children compared with control group and such enhanced brain responses were correlated with reading skills ([@B43]). Furthermore, the brain activity at the N2 time window has been found to correlate with phonological skills, as well as reading and writing accuracy in children with dyslexia ([@B61]). The N2m response strength in the left hemisphere in the current study was correlated with phonological skills further supporting the hypothesis that this time window is important to language-related skill development.

We also found a significant correlation between rapid naming ability and auditory late component amplitude. Previous research ([@B58]) showed a similar relationship between N4 and rapid naming speed in preschool children in which N4 was suggested to be linked to accessing phonological representations. Overall, the correlation patterns found in the current study between the phonological and rapid naming ability and auditory brain responses are consistent with and in support of the earlier literature.

Audiovisual responses shared a large portion of variance with the auditory responses, and furthermore, both showed an association with phonology. In order to disentangle contributions of the auditory processing from the audiovisual processing, we run regression analyses with both auditory and audiovisual brain responses as predictors. No unique variance was left to be explained by the responses to the audiovisual stimuli on the phonological skills after the left auditory late response was taken into account. The regression analyses thus showed the auditory response to be the driving force behind the association with phonological skills.

N170 amplitude and the laterality index of the N170 were not significantly correlated with any of the cognitive skills in the visual only condition. Most previous studies ([@B24]; [@B28]; [@B66], [@B68]; [@B26]) found brain specialization for letter strings and whole words in VWFA (as indexed by N170 responses in EEG/MEG). Presentation of single letters in our study instead of letter strings or words could therefore have led to the lack of findings for the N170 response in the visual only condition. However, previous studies ([@B70]; [@B65]) have suggested the left lateralization of N170 for words to be partly driven by an automatic link between orthographic and phonological systems. Interestingly, the N170 response showed significant correlation with phonological skills in both audiovisual congruent and incongruent conditions in the left fusiform area. This result could suggest a possible top-down feedback activation of the VWFA and the lateral inferior temporal cortex from auditory and audiovisual integration sites. It has been reported that the VWFA could be activated during speech processing through a top-down modulation ([@B29]; [@B32]; [@B113]). Such auditory/audiovisual processing modulation fits well with the significant correlation between phonological processing and N170 responses in left fusiform in the audiovisual conditions in our study. Similar results were found in an MEG study in which occipitotemporal letter-string-sensitive activation strength was also reported to be correlated with phonological skills in children ([@B74]).

When comparing the summed unimodal responses to the audiovisual responses, suppressive audiovisual integration effect was found in right temporal and both left and right parietal regions. These regions partly match with a previous MEG study ([@B86]) in adults about LSS integration in which a suppressive integration effect was found in the right temporo-occipito-parietal junction and the left and right STS. In the current study, we found suppressive audiovisual integration effects mostly in the temporoparietal areas but not in the frontal cortices reported in ([@B86]). This could be due to the difference in the experimental design since an active implicit audiovisual task was used in our study whereas ([@B86]) used an active explicit matching task, which could recruit more top-down task related audiovisual attention processes ([@B107]). The dorsal (temporoparietal) system, including supramarginal gyrus/angular gyrus in the inferior parietal lobule and the posterior superior temporal gyrus (pSTG) is thought to be related to mapping visual print onto the phonological and semantic structures of language ([@B91]). Compared with the rather consistent findings in the superior temporal cortex for LSS integration in adults ([@B86]; [@B105]), it seems that the early readers have recruited more widely distributed temporoparietal cortical networks to support learning the association of orthography with phonological codes ([@B81]). The suppressive LSS integration effect in the parietal areas at the rather late time window could be related to top-down modulation of the audiovisual processing and reflect less automatic processing of the stimuli than in adults. [@B81] also find a similar correlation between BOLD response and reading skills in the precuneus, which is similar to the current study, and they interpret their finding as part of the visual attention network that seems to impact reading development. They also suggest that this could reflect the integration between visual, language and attentional processes. Lack of the suppressive integration effect at the left superior temporal areas could be related to the less automatic processing of the multimodal stimuli in early readers ([@B40]; [@B11]).

The timing of this integration effect was mostly from about 300 to 600 ms in the present study, which matches well with the previous studies using similar stimuli and paradigms ([@B86]; [@B50]; [@B54]). The relatively late time window is probably due to the fact that bimodal audiovisual integration happens after the early unimodal processing of sound in the auditory cortex and print in the visual cortex ([@B86]) and possibly involve the feedback projection to auditory cortex in a late stage of processing ([@B105]).

Significant partial correlations were found between the audiovisual integration effect and phonological skills, rapid naming abilities as well as reading and writing skills. Phonological skills were correlated with the strength of the audiovisual integration effect in the right inferior parietal and precuneus regions, while rapid naming of letters was correlated with the strength of the audiovisual integration in the left supramarginal and right precuneus regions. Previously research has found similar associations between both structural (gray matter volume indices) ([@B87]) and functional ([@B88]) changes in these temporoparietal regions and pre-reading skills such as phonology and rapid naming. Moreover, activations in left parietal (angular gyrus) lobe was correlated with individual at-risk index scores for dyslexia in pre-readers ([@B95]). Reduced LSS is suggested to be linked to a deficit in auditory processing of speech sounds, which in turn predicts phonological skills ([@B9]). Consistent correlation was found between the strength of the audiovisual integration effect in the right precuneus and reading skills such as word list, nonword list and nonword text reading accuracy. This matches well with results from one recent study which used similar brain-behavior correlation analysis with fMRI and showed the activation in the precuneus to print and speech sounds of words and pseudowords to be correlated with reading-related skills ([@B81]). Finally, writing skills were also significantly correlated with the strength of the audiovisual integration effect in the right superior and middle temporal regions. This might suggest that the skills required in writing to dictation are more associated with auditory processes for speech than those required for reading ([@B44]). Taken together, these results highlight the important role of LSS in the temporoparietal area in early reading acquisition ([@B12]; [@B13]).

Audio-visual congruency did not produce significant effects in the brain responses in the present study. Here we discuss possible reasons for this. First, the congruency effect which heavily depends on the task demands ([@B2]; [@B107]), also seems to interact with the brain imaging method (fMRI vs. MEG). For example, several previous fMRI studies on children have found a congruency effect using similar implicit active tasks to ours ([@B8]; [@B18]). In contrast, use of an active explicit matching task in fMRI has been reported to overrule the congruency effect ([@B107]) However, the MEG study of ([@B86]) used an active task forcing the participants to relate letters to sounds and reported an audiovisual congruency effect in the heteromodal superior temporal cortex. Therefore, it seems that the task demands modulate differently the MEG and BOLD responses. Second, it is also possible that the children in the present study may not establish fully automatized LSS integration as many of them only have 1 or 2 years of reading instruction. Previous research ([@B40]; [@B11]) using MMN paradigm has shown the protracted developmental trajectory of LSS integration and this may be reflected in the absence of congruency effect in the present study. Finally, almost all previous electrophysiological studies ([@B39], [@B38]; [@B114]) examining letter-speech sound congruency in children have used an oddball paradigm, it is likely that congruency is pronounced in the oddball paradigm, but not in the simple LSS paradigm used in the present study. The audiovisual integration and congruency comparisons indicated that children seemed to utilize more general multimodal integration processes of letters and speech sounds, but have not reached the fully automatic level of integration as shown by the absent of congruency effect.

A cohort of beginning readers with relatively wide age range (6--11 years) was recruited to examine the reading and reading related cognitive skills as continuums. Even though we controlled for age in all of the correlation and regression analyses, age did not seem to have a large impact on the results. This finding is similar to that of, for example, the study by [@B81]. It seems that the correlations were driven more by learning of these cognitive skills than general maturation of the central nervous system.

According to the general neurodevelopmental theory for reading proposed by ([@B82]; [@B25]), the temporal and dorsal parietal networks are crucial for the early stage of reading acquisition. Working together with the anterior regions (especially the inferior frontal gyrus), the dorsal (temporoparietal) reading system is involved in the emergence of phonological awareness ([@B55]) and in forming associations between orthography, phonology, and semantics ([@B84]). Such associations will then shape the organization and connectivity of left occipitotemporal regions including the VWFA ([@B26]) for supporting fluent reading in advanced readers. The present study highlighted the important role of the temporoparietal route in developing phonological awareness and forming automatic LSS in early readers.

A possible concern regarding our study relates to the accuracy of MEG source reconstruction in children, which could be affected by many factors including the relatively large distance of the child's head to the MEG sensors, imprecise cortical surface reconstruction, suboptimal forward and inverse solution parameters for the child brain and potential MEG-MRI coregistration errors. These could lead to misallocation of brain activity to neighboring brain regions from their true locations in the source analyses. In general, we followed the recommended analysis practice proposed by ([@B52]) and checked in each step the quality of the data carefully. Furthermore, MEG is less sensitive to the conductivity parameters of the head tissues than EEG which should allow better reconstruction of source activity in children. In addition, we used relatively large brain regions, and in the case of LSS integration effects whole brain analysis, capturing most of the brain activity in the different conditions taking into account possible limitations in localization accuracy of the brain activity.

Conclusion
==========

In conclusion, brain-behavior analyses were used to explore the relationship between behavioral tasks measuring different cognitive skills and brain responses related to auditory and visual processing of letters and speech sounds in beginning readers. Regression analysis identified the auditory late component in response to speech sounds to be the most significant predictor of phonological skills and rapid naming. In addition, the audiovisual integration effect was found in left and right temporoparietal regions and several of these temporal and parietal regions showed contribution to reading and writing skills. Findings from the current study point to the important role of temporoparietal regions in learning letter-speech sound associations in early reading development. A more detailed neurocognitive model, including additional measures such as functional connectivity, is needed for better understanding of the cortical organization and the developmental trajectory of LSS in children learning to read.
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